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AERODYNAMICINVE311GATI(INOF A PARABOLICJ301JYOF

REVOLUTIONAT MACH NU4J@ OF 1.92AND SCE4E

EFFECTSOF AN ANNUU!RsumRsoNIcm

EXHAUSTINGFROM THE BAS#

Au aerodynamicinvestigationof a paraboldcbody of revolutionwas
conductedat a Mach”numberof 1.9,2with snd withoutan annularsupersonic
jet exhaustingfromthe base. Measurementswith the jet inoperativewere
made of W, drag,pitchingmoment,radialand longitudinalpressure
distributions,and basepressures. With the jet h operation,measure-
mentsweremade of the pressuresoverthe rear of the body withthe pri-
MSZ.’Y=iables be~ _ of attack,ratioof jet veticityto free-
streamvelocity,snd ratioof jet pressureto stresmpressure.

The resultswith the jet inoperativeshowedthat the ra&kl.pres-
suresover the body variedappreciablyfromthe distributiongenerally
=?Ywed ti most approximatetheories. The linearizedsolutionsfor lift,
pitchingmoment,and centerof pressuregaverelativdy poor predictions
of the qerimental results. Au snaQsis of severaltheoreticalmethds
for calculatingpressuredistributionand‘wavedrag showedthat some
methodsgaveresultsh considerabledisagreementwith experimentalvalues.

MaxiMuMeffectsof the jetwere obt-d at the lowerratioof jet
velocityto stresmvelocityand the highestratioof jet pressureto
stresmpressure. Theseeffectssmountedto a slightdecreasein fore-
drag,a reductionin 13ft,and a shiftof centerof pressurein a
destabilizingdfiection.

INTRODUCTION

Asrodynsmictivestigationsat supersonicspeedsof bodiesof
revolutions~ating thosecontainingjet=propulsicnunitshave shost
entirelyneglectedthe effectsof the jetflow upon the flow overthe
rear of the body. An ex~rimentalsubsonicinvestigationof the effects

khpersedes recentlydeclassifiedNACAResearchMemorandumLgKOg
by EugeneS. Love,1950.

.— - -------- . .._ ____ _ —. .— —. — - —--—



,

.2 NACA TN 3709

of the jetupon the aer&lynamicchaiact~isticsof the sggregate
A-5 missile(bodyplus four eqpallyspacedtail surfaces)was conducted
in Germanyin 1940. (Seeref. 1.) The resultsof thesetestsshowed
thi?jet to cause (1) an increaseof as much as 100 percentin the normal
forcesat smallanglesof attack,(2)a shiftof centerof pressureto
the resr by an averageof about0.5 maximumbdy diameter,aud (3)m
increaseof drag of approximately70percent. Otherinvestigations,both
subsonicand supersonic,of jet effectsupon the flow overbodieswere
conductedwith the A-4 missileat an angleof attackof @. (Seeref. 2.)
The resultsof subsonicdragtestswere h generalagreementwith those
foundin testsof the A-5missile. The jet causedan incraaseof MW of
as much as 80 percent. The resultsof the supersonictests showeda maxl.-
mum decreaseof drsg of 18percent.

In most instances,the best aerodynamicdesignof bodieshousingjet
unitsentailsa certaindegreeof boa&ki15ng;that is, convergenceof
the body surfaceas it a~roaches the jet exit. Boattailingsuchthat
the diametersof the jet exit and of the exteriorbody surfacebecome
eqaalwouJilprobablyfaver greaterjet effectsupon the flow overthe
rear of the body thanwould othergeometricconditions;therefore,it was
chosenas the geometricconditionto be &m@oyed in the presentimesti-
gation.

The primsrypurposeof tlk tivestigationwas to determtnethe effects
of an annularsupersonicjet exhaustingfrom‘thebase of a parabolicbody “
of revolutionupon the flow overthe rear of the body. It was necessdy
to obtainftistthe aerodynamiccharacteristicsof the bodywithoutthe
jet. Therefore,comprehensiveforceand pressure-distributionmeasure-

-.

mentswere made of the basic jetmodelbody. Similarbut not as exhaustive
amdlld.arytestswere conductedon a parabolicbody (ssmebody fsrnilybut
largerthicknessratio)iqitialllyemployedduringbenchtestsof smaXl
annularnozzlesdevelopedfor use in the presentinvestigation.AU tests
were conductedin the Langley>tich supersonictuunelat a

P
ch number

Of 1.92.TheReynoldsn
F

ers for the testswere 2.51x 10 for the jet
model body and 2.47X 1 for the ~ b@%Y”

A, B constantsin equationof paraboladefin3ngb@y shapes(eq. (1))

a _ of attack

()Dragtotaldrag coefficient—
@%Usx

— —. .-—
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minimumdrag coefficient

(=)%base drag coefficient~ —
.

minimumforedrsgcoefficient
(~ - (%-0°)

.

( 2)skin-frictiondrag coefficientCfk

wave-dragcoefficient

skin-frictioncoefficientfor laminarflowon a flatplate

()

1.328

rR

()totallift coefficient~
@msX

weightedunit lift

t coefficientpitching—momen ( )Mment aboutreferencepoint

@maXzc

msxhum bodydiameter

kl.ftdensity

apex haJf-an@e of body

body length

CUtOffbody length

completedbodylength (tipto tip)

free-streamlkch number

designjetMach numberbasedon arearatio

.. ..
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_ of ~c~-surface inclinationwith respect
Synunetry

radialangle

atmosphericpressure

staticpressureof”jet at jet exit

stresmpressureor pressureof smbientair

pressurein model stillingchsmber

pressureincrement

()pressurecoefkl.cient$

basepressurecoefficient

WPting-pressurecoefficient

()-c pressure$3V2

densi~ of fluid

radiusof body

Reynoldsnumber

base area

referredto ZC

mean cross+ectionsJ-areafor body of length Zc

maximum frontal area

wettedarea of body of

()thicknessrat~oY

NACA TN 3709
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n c volume for cutoffbody lengbh

.

qt. volume for completedbody length

v undisturbedstreamvelocity

VJ velocityof jet

x longitudinalcoordinate

subscripts:

msx

L=o valueat zerolift

APPARATUSAND TEsl?S

Wind Tuuneland Model Installation

The Langley9-inchsupersonictunnelis a closed-returndirect-drive
tunnelin whichthe pressureand humidityof the enclosedair may be con-
trolled. Throughoutthe teststhe qpantityof watervaporin the tunnel
air was kept at sufficientlylow valuesso that negligibleeffectson
the flow from co*ation were presentin the supersonicnozzle. The
testMach numberis wied by means of titerchangeablenozzleblocks
formingtest sectionsapproximately9 inchessqme. A schlierenoptical
systemprovidesqusJitativevisualflow observations.Eleven=e-mesh
turbulence-dsmpingscreensare instalkd in the settlingchsmberaheE@
of the nozzles.

Figure1 showsthe generalinstallationfor testsof the jetmodel.
Pressurewithinthe model stil&@g chsmberwas variedby means of manually
controlledvalvesinstalledsheadof the junctureof the incoming-~-
supplylinetith the flexible-air-supplylhe. Ibrceand pressure-
distributionmeasurementsof tbe modelswith jet inoperativeempluyed
the samemodel s~ort s~tem with the s3msupp3y systemremoved. The
scalesused are self-balancingbeamscales and measurethreecomponents,
h a horizontalplane,of the totalforceson the mdel and support
system.

—-—.... ..———. — .— __ _. —. —— ...-—
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Ku models
and,exceptfor
slender,hollow

Descriptionof Models

me constructedof mild steel,were highlypolished,
a specialpressure-distributimmodel,were mountedon
stim supportswhich,for the jetmodel,servedalso

as an &-supply conduit. The surfacecontoursof
minedby revolv5ngaboutits chorda parabolicarc
eralparabolicequation

.
r .~-~’

the mcdelswere deter-
obtainedfr(mnthe gen-

)

(1)

lh this eauationthe constauts A and B can be easilyobtainedfor
iiesiredvil.uesof maximumdiemeter,base (or jet-exit)diameter,and
thicknessratio. (Seea~endix.)

Threeseparatemcdelswere constructedwith
by

r = 0S827X - o.ola54x2

a surfaceoontourgiven

(2)

The designationsassignedthesemodelswere: model14, the basic jet
modelwith two interchangeabletail sectionscontainingjetnozzles
of Mdgs = 2.IJ.(nozzle1) and ~s = 3.19 (nozzle2); modell-, the
motilemployedin the forcetests;and model1-P, a specialpressure-
distributionmodel constructedin two halvesabouta meridianplsneand
contataing63 pressureorificeslocatedin one-halfof the model along
threemeridisns,0°, 45°, W 900,with 21 orificessimilarlyspaced
alongeachmeridian. ‘ ..

This

The auxiliarymodeltestedhad a surfacecontourgivenby

r = 0.246= - o.02647i? (3)

modelwas designatedmodel2.

Excemtfor model 1-P.the basesof alJ_the modelswere hollowor

,,,,

.
o~n~ as for the caseof a jet exit. SpeciaiIlugswere made to fill
ths annularbase openingsof models1+? and 2 flushwith the body ends
for use in testsof thesemodelswith a simhlatedsolldor closedbase.
Photographsof models2, 1-J, and 1-P sxe shownin figure2. Model 1-F
has been excludedsinceits externalappearanceis no ~erent from
that of model 1-J.



.

NACA !T!N3709 7
.

The followingtablegives-the pertinentgecmtric parametersof
the models:

Parameter lModel1 Model 2

Zc, lne e . . . . . . . . . .*. * 79n9 7.607
Zt, ill. . . . . . . . ..e . . . . 9.8* 9.293
t . . . . . . . . . . . . . . . ● . 0.09135 0S230
“e,deg. . . . . . . . . . . . . . . 10.36 13.83
Vzc>cuin. ● ● ● ● . ● . . 0. . . 3.1.13 4.857

VztsCuin. 9. . . . . . 0 e. ● .

&,sq in. . * . . . . . . . . . .

3.346 5.080

~,mti. . . . . . . . . . . . .
16.339 20.330
0.4036 0.6385

q),Sq in.
%#3q in””””””””””””

0.2923 0.3526
● *.*9 .090.9 ● 0.6365 1.0272

&, in. . . . . . . . . . . . . . 0.9002 1.1436

.

Developmentof AnnularNozzles

Numerousbenchtestswere conductedto determinesuitableshapes
and sizesof annularnozzlesthatmightbe constructedin the tail sec-
tion of modell-J. Designof a theoreticallyshock-freeannularsuper-
sonicnozzlecontourof suchsmallsizewas not attemptedin view of the
aud@ical complications,boundary-la~reffects,and the difficultyof
machiningto the destiedaccuracya curving,internalcontourof such
smallradii. NOZZk 2 (Males= 3.19)representedthe best attemptat con- -
structionwithoutprohibitivesurfaceimperfectionsof a nozzlewith a
curvingcontourto givethe jet a flow directionat the exit similarto
that of nozzle1 (l@es= 2.11). In spiteof extremecare,smallittrper-
fectionsin the surfacecontourof this nozzlecouldbe detected. Because
of insufficientpressureof the air-supplyfacility,conclusivebench
testsof nozzle2 COUM not be made. The higherratiosof pe/ps (ratio

of jet staticpressureto pressureof ambientair)obtainablefor nozzle1
allowedreasonablyconclusivebenchtestsof thisnozzle. Diametrical
surveysat the nozzleexitswere conductedby meansof a O.010-ti total-
pressuretubemountedin a micrometertrawrsing arrangement.The total-
pressuretubemeasuredpressureson a planeperpendicularto the nozzle
centerline and justbeyondthe nozzlelip. Staticpressurewit- the
jetwas measuredby means of an orificeventedto the nozzlejustinside
tk lip● The Mach numberdistributionacrossthe nozzleexitswas cal-
culatedfromthesepressureswith the assumptionof negligibleeffects
due to the slightdifferencein longitudinalpositionsof the static-
and total-pressuremeasurementsand the assmnptionthat the staticpres-
sure acrossthe jetwas constant. For the valuesof pe/ps of the bench

.
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tests,a mnicalllyshapedfizzlewas foundto givethe most uniformdis.
tributionat the jet exitfor a designMach numberof 2.3J_.Figuress(a)
and 3(b) showthe resultsof nozzlesurveysfrombenchtestsand from
testsconductedin a similarmannerwith the use of the tunnelas a partly
evacuatedcontainerfor the modelto obtainlargerval.uesof pe/p8. The
surveysusingthe tumnelaa a +acuumchsmber(p8= 0.6pa in fig. 3(a)

and p8 - O.~a b fig. 3(b))showa markedimprovementin the distri-

butionfor nozzle2 and a slightlessenhg of the “hump”in the distri-
butioncurvefor nozzle1. The markedimprovementt in the distribution
for nozzle2 is apparentlya resultof the decreasein the pressurerise
acrossthe shockoriginatingat the lip of the nozzleand reflectedby
the stingsurface,and a decreasein the boundary-layerbuilikpcaused
by backpressurewhichh turntendsto ellminatecompressionsin the
flowwitlrlmthe nozzle. Iu the benchtestsof certqinof the annular
nozzlesof %8 = 3 or greater(p8= Pa)s tk lkmgepressurerise across
the shockfromthe lip causeda thickeningof the bouuderylayernear the
lip of the outernozzlesurtaceand a regionof reverseflowthat extended
a considerabledistsnceawayfromthe inner (stipg).surface. For the
casesfor whichreverseflow couldnot be detected,the-resultsindicated
thatthe largeadversepressurerise acrossthe shockcauseda rapidthick-
- of the boun~ layeralongthe stingsurfaceaheadof the pointof
reflectionof the shock..The adversepressuregradientsand the thick-
eningboundary@ers probablycausedcompressionsin the flow aheadof
the shockaud a resultingrapiddrop in velocityat the outerand,par-
ti-ly, the 5nnerdiametricalstations. (Seefig. 3(b).) With the
decreasein externalpressure(p8- O.~pa)the pressurerise acrossthe
shockfromthe lip decreases;therefore,the adverseeffectswouldalso
be expectedto decreaseti a mannersimilarto that indicatedin fig-
ure 3(b). ~ sti+darreasoning,a satisfactorylkch numberdistribution
wouldbe expectedat the.exit of nozzle2 in the tunneltestsat M = 1.92
for Whidh ps = O.14Pa.

Pressuremeasuremmts indicatedthat the best positian~or the
orificemeasuringthe pressurein the model stillingchaniberp% was

that shownh“ figure1. Thermocouplemeasurementsshowedthat the
temperatureof the atr ti the model stillingchambervariedvery little
fram storage-tankair temperature.Valuesof the referencepressure PQ

for the jettestswere”measuredby meansof a largeBoumiongsge. m w
open-tubemauometer,used in conjunctionwith this gage,servedas a
constantcheckof the pressuregage and suppliedvaluesof p& for
pressuresless than ainuospheric.Figure4 showsthe calibrati”mcurves
for eachnozz@ with the tunnelin operation.Althoughthe values
of p% were intendedto serveonlyas accuratereferencepressures,

figures4 and5 showthattheyhave some quantitativevalueas well.
The values& kkch nwnibercalculated.fra valuesof ~elp% aud presented
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in figure4 fcm nozzles1 and 2 comparefavarablywith the averagevalues
of the Mach numberdistributionsof figuress(a)and s(b),respectively.
In additicm,figure5 showsthat the thrustof nozzle1 obtainedat two

/
VdUOS of P% Pa by calculationsbasedupon p

%
and the Mach number

distributioncheckscloselythe thrustmasured by stma~ege apparatus
duringthe benchtests.

Tests

All testswere conductedthroughen angle-of-attack
mately~“. Mtrrorsapproximate~1/16 inch squarewere

rmge of a~roxi-
flushmountedin

the”b&iiesnearthe base as a part of the opticalangle-of-attacksystem.
Forcetestsand.base-pressuremeasurementsof models1-F and 2 were made
with base open aud base closedfor threelongitudinalpositionsof the
models● Thesewere body base evenwith, 1/2 inch aheadof, and 1 inch
aheadof the end of the stingwindshield.All drag valueswere corrected
for the buoyaucyeffectdue to the differencebetweenfree-streampressure
and the pressurewithinthe box enclosingthe stingwindshield.aud balance.
Radialand longitudinalsurface-pressuremeasurementswere made with

model 1-P at meridianintervalsof 2+0 alongeverymeridisnfrom 0°

to +0 and at lti” (0°to I&l”representsangle-of-attackplaue). With

the jet in operation,the base of the modelwas 1 inchfrom the end of
the stingwindshield..The primaryvariablesof the jet testswere a,
Pe/Ps9X V~lV” For the measurementsof the jet effectsupon the pres-

suresoverthe rear of the bdy, the tubeswere installkdas shownin
the insetin figure1. Previousinvestigationsshowedthat the lead
tubesin suchan arrangementhad no measurableeffectupon the pressures
overthe body alonga meridianl&)o opposite. A31 sch13erenphotographs— —
were takenwith the knifeedgehorizontal.

Precisionof Data

The estimatedprobableerrorsin the aerodynamic
includedin the followingtable. The valueof m. O@

quantitiesare
~iwn for ~le

of attackis a resultof errorin the initialreferencingof the m&.el
bodieswith respectto streamdirection. The valueof +@.o1O is the

errorthatmightbe incurredin relativeangle-of-attackreadingsfor
a giventest. The valuesfor ~, ~,snd~a pplyonlytothe

resultsobtainedfromthe mechanicalstales.-.

.

. . ----- .— ...-. .. . . . _ - — .- -- —....-— —.
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b=;
% ‘cl) % M R P

hltial Relative

*0.0004 *o.&K14 *o.oo18 +0.ol *0.08 *o.ol +20,000 *0.002
&

&mparison of the actualordinates-ofthe mdel bodieswith the values
obtainedfrom equations(2)and (3)showedthe body dimensionsto be
accurate,with one exceptim, within*0.002inch. This exception,the
tail sectionof model1+ containingnozzle1; had graduallyincreasing
smll errorsin the radii of the body from a poihtapproximately0.3 inch
from.the base rearward. The maximumerrorin radius (atthe body base)
amountedto *O.008 inch. The effectsof thislesserdegreeof boat-
tailingwill be shownin the results. The mridisn planesand rotational
anglesfor the radialpressuredistributionswere accuratewithinMo.
The Bourdon&e for &aaring

b. 2 poundper squareinch.

RESULTS

p% gavereadingsaccuratewitkin

m mscusscori

Jet Inoperative

Forcetests.-Figure6 showsthe aer@ynamic characteristicsof
model 1+’ fm the three1

Y
tudlnalpositicmsof the modelin relation

to the forwardtip of the s ingwindshield. Correspondingscd.ieren
photographsfor theseand two additionalpositionsare shownin figure7.

-..

manner,the aerulynamiccharacteristicsof model2 and schlieren
~o&~aphs at two longitudinalpositionsare shownh figures8 and 9,
respectively.Exceptfor the zerolongitudinalposition,all schMeren
photographsin figures7 and 9 were takenat zeroangleof attack. Values
of ~ inn~s 6 and 8 are for nmientstakenaboutthe pointof

~ resultsof base~ssure measurementswith varyinglongitudinal
positionand mgle of attackindicatedmuch the sam effectsfrom the
presenceof the stingsupport* windshieldand from angle@? attack
as tiscussedin references3, 4S and ~j specifically,the basepressures
vary appreciablywith angleof attack,and the bodyundergoingtestmust
be mountedon a long,slenderstingsupportif basepressuresshulqting
free-fli@t valuesare to be obtsdned. The resultsof the forcetests
are givenin tableI.

.

-- ——.. .— — .- —-
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The condAtionof the base of the bodies,open or closed,had little
or no consistenteffectupon the resultsexcepta slightincreasein the
base dragfor the closedcondition.The valuesof base &cag at the zero
longitudinalpositionof the modelsare to serveonly in establishing
the magnitudeof the foredragand not as accuratemeasurementsof the
base drag sincethe proximityof the stingwindshieldto the body base
wouldaffectthe basepressures. The effectson the lift and moment
curvesfrom_@e flow h@nging upon the exposedstingat the higher
anglesof attackare shownin figures6 and 8. These effectsi&rease
as the exposedstingareaincreasesand causemarkednonlinearitiesin
the curves. The lo@tudinal positionof the modelsa~srently had
littleeffecton the minimum”foredragcoefficient

% ‘tk@ close
examinationof the schlierenphotographsin figures7 and 9 showsa
lesseningof the lsminarseparationnear the base of the body with
increasingdistancebetweenthe body base and the tip of the sting
windshield..

Valuesof drag coefficientdue to skinfriction ~ (lsminsrflow

was observedoverthe ent~e body)were calculatedfor the test Reynolds
number. Thesevaluesand theirapproxhatepercentageof the foredr~
are presentedin the followingtable: - –

Model % krcent of C@

1+? 0.0216 “. 30
2 .0167 14.,

References6, 7, and 8 havepointedout independently
to ftistorderthe Uad.ti.ngvaluefor the lift-curveslope
bodiesof revolutionat mall a is (eqwessedin radians
upon Sb)

and that the
-bodyis

centem-of=pressure

.

aoL

iF =.2

that at least
of very slender
and based

(4)

locationin relati~ to the nose of”the

()SnlCenterof pressure= 1 - — Z
6“

.,

(5)

. _. .-—.- -.-— ___ _. .—. — — _..
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From eqpations(4)and (5)it followsthat
momentcurve, with momentstaken aboutthe

d%

()

%—=21– —
da h

NACA TN 3709

the slopeof the pitching-
nose of the body,is

(6)

The valuescalculatedtram equations(4), (5),and (6),~ressed in
degreesand referredto ~, are presentedin the followingtableend

comparedwith the ~erimental values (inparentheses)obtainedat the
l-inchlongitudinalposition. The qerimental valuesof lift-curve
and moment-curveslopesgivenin tableI includesupportinterference
effectsand aerodynamictareson the eqosed sting. However,the qeri-
mentalslopevaluessre for zero-lift,end pressuremeasurementsalong
a l-tichlengthof the exposedstingfrom the bodybase hsxe shownthe
Mfting forcesupon the stingto be negligiblewithinan angle-of-attack
rsngeof *. Furtkrmre,- the effectsof the presenceof the stingsnd
windshiehlupon the body I.iftimgforceswouldbe expectedto be least
at the l-inchposition.

Model d% C.p. d%

K (dim..from nose) ~ about‘Ose

3.,26 -0.00610
1+ !:%:) (1.28) (-.~3q

2
● 0120 5.49 -.oog~
(.0338)“ (1*39) (-.00705)

All the theoreticalvaluessre relativelypoor predictionsof the ~eri-
mentalresults. Part of the ftiure of eqmtions (4),(5),and (6)to
predictvaluesin reasonableagreementwith experimentalvaluesis prob-
ably causedby the ube of the geometricalvalueof base area. llefer-
ence 3 has shownthat the calculatedpressuresoverthe rear of a body
of revolutionwith boattailing,as givenby the methodof characteristics}
are h exceUent agreementwith experimentalpressuresif the pressure
calculationsare performedalongthe streamlineof separatedboundary
la~r. Thiy would seemto indicatethat the geometricalvalueof base
area in eqpations(h), (5),and (6)shouldbe replacedW an areadeter-
minedby the diameterbetweenthe separatedstresmli.nesat the body base.
Measurementsof ttis “dism+er of separation”weremade from enlsxged

-,

schl.krenphotographsof m@e~ 1-F end 2, each at the l-inchlongitudinal
positionand with openbase. An area of 0.347sqparetichwas obtained
for model 1-F and an area of 0.474squsre’inchfor model 2. The values

——. . . . . . ..— ..— -. . ...
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calculatedfrom equations(4), (5),and (6)and referredto theseareas
are presentedin the followingtableand comparedwitp the experimental
values (inparentheses):

Model $ cop. d%
(diam.fromnose) ~ about‘ose

1.40 -0.00310
1+ ?:%) (1.28) (-.oo43l)

2 II00161 (::%) I -.00559
(.0338) (-.00705)

A1.thowhthesevaluesare an improvementupon the previoustheoretical
values;they are stillratherp~or predictions.

Pressuredistributions.- The resultsof radial-pressure-distribution
measurementsare presentedin figure10 for model 1-P snd in fQ-
ure U for model 5. Longit~- pressuredistributionsare presented
in figures12 and 13 formodel 1-P and in figure14 for model 2. Radial
pressuresfor model 2 are giveni+ figure17. Althoughthe resultsfor
model 2 are secondaryto thosefor model l-P,they tendto indicatethat
certainphenomenaobservedin the pressuredistributionsof bothbodies
apparentlyhold for slenderpointedbodiesof revolutionin general.
First,figureslo, Xl.,13(b),14(c),and 15 showthat the pressuresalong
the 90° meridianat a = 0° do not remainrelativelyunchangedwith
angleof attack,a simplifyhg assumptionoftenemployedin approximate
theoriesfor computingthe aerodynamiccharacteristicsof conicalbodies
and pointedbodiesof revolution.In fact,at certainhorizontalstations
the pressureat the 900 meridisnvariesas much as or more thsn at”q
othermeridisn. Second,the radialpressuredistributionat any longi-
tudinalstationvariedappreciablyfromthe usualllyassumedcosinedis-
tribution,especiallyfor the low-pressurehalf of the body at lobgi-
tuMnal stationsaheadof the maximumthicknessand for the entire
circumferenceat stationsbehindthe makhmlmthiclaless.The radialpres-
suresat stationsbehindthe maximumthicknessbehavein much the same
manneras observedin“testsof slendercylindersin yaw. (Seeref. 9.)
Tldmd,for longitudinalstationsaheadof the maximumthicknessthere
appearsto be a radialpointfor eachlongitudinalstationat whichthe
pressureremainsalmostconstantwith angleof attack. (Seefig. 15,
in particular.) The locusof theseradialpointsdoes not followa
meridianbut tendsto move a~ fromthe 90° meridisnin the dtrection
of the high-pressureU of the body as the tistsncefromthe nose
increases.~r maid 1-P,this shiftwas titane = &)” at Station0.086
to e -480 at station0.606. For model2, the shiftwas from 0m780
at station0.283to e = 61° at stationO.573* me fotih p~~non

. ..— -. ...- . — —— ——- —.. ..— —
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observedwas the consistentappearanceof the “hump,”not predictedby
potentialtheory,h the longitudinal-pressure-distributionMrves. For
mmlel1-P,this characteristicoccurrednearthe 0.3 station,and for
the a= 0° conditionamountedto a noticeablediscontinui~ti the
curve. For model 2, it.occurredh the vicinityof the 0.5 to 0.6 sta-
tions. This phenomenonhas beenpresentin the resultsof othertests
of slenderpointedbodiesof revolution(refs.5 @ 10, for example)
and,exceptfor cones,is apparentlycharacteristicof slenderpotited
bodiesof revolutionin general. A1.t_ crossvelocitiesin the vicin-

i~ of the 900 meridianwouldnot be ecpectedto affectthe lift,their
inclusionwould,nevertheless,be expectedto reducethe pressuresat
the 90° meridian,possiblyo? the magnitudeobservedin the _imental
results. Also,yhen the ecrperimentsllongitudins2pressuregradients
in the vicinttyof the 90° meridianare foundto be,relatitilylarge,
the experimentaltangentialpressuregradientsare foundto be of the
sameorderof Insgnitl&. A tangentialgradientof suchmagnitudewould
be expectedto hawe importantbearingupon separationeffects.

Figure16 illustratesthe mthod by whichthe pressure.coefficient
at ~ petiton the body is c~~rted to t~ ~~-pressme
ccefficient Pz. The equation,

,.
.,.

Pz = l?(cose Cos

All valuesof P for mdel 1-P

—-
includingsecond-orderterms,is

llcosa+sinq sina) (7) .

were convertedto Pz by meansof equa-

tion (~). With ~ as thS referencearea,the totallift coefficient
wouldbe givenby (seediagramin upperhalf of fig. 17) ‘

.

[J

Z&
.

~=*o ~.%rdeco;q~ -
,..

..

Plotsof Pz/cosl’ja&ainst e were made for eachhorizontal.station

(8)

and &aplMc& integratedfrcm O to 2Yt.
termedthe lift density b at each station.
unit liftfar each station.x is

“.(%)*= S&x

This gavewhat mightbe
Therefore,the weighted

..

(9) ,,

,

.— —.
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~om the linearfirst-approximationtheoryof
orderapproximationtheoryof reference11, a

15

reference7 and the first-
solutionfor the liftdis-

tribtiionoverthe body from eqpation(4)wouldapparentlygive an
acceptablefirst-orderprediction.In ~ dimensionsof equation(9)
and for smallvaluesof -a, this solutionmay be ~essed as

. .

()=kntrx~(C2)X . ~ (lo)

M figure17thevaluesof (Cz)x from eqm~io~ (9)~ (m) arep~tted
sgahst horizontalstation,in inchef3,for valuesof a of 2.~“ and 5.000.
This givesa graphicalrepresentationof the lift distributionoverthe
body. Valuesof ~ and % determinedby integrationof the experi-

mentalcurvesand”the theoreticalvalues (b”parentheses)are presented
in the folMwing table:

.

-.

Sincethe testsof model1-P most nearlyduplicatein tunnelposi-
tion the testsof model 1-F at the l-inchlongitudinalsting’station,
a reasonablecheckof the pressure-distributionresultsshouldbe realized
in a comparisonwith the force-dataresultsfor the l-inchstingstation
(openbase). Ih an effortto &Mminate as“muchas possiblethe effects
of the stdmgsupport,valuesbasedupon the slopesof the curvesat zero
liftwere determinedfromtableI. Thesevaluesare includedin the fol-
lowingtable. Of course,the use of constantslopeswild.mask the effects
of separationat the rear of the body. ..

T
a,

%
h C.p.

deg aboutnose (d$am.fromnose) - ‘omce .., ..

2.50 0.0725 4.0108 1.28
5:00

Constantslope
.1450 -.02L6 1.28 Constantslope

2.50 .0700 -.00766 .:% Average-ourvevalue
5.00 .1450 -.~46 Average+urvevalue

-....——.——. -—- —— .—— — ..— —-
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Model 1-F
in figure

was alsotestedaa shownin figure
19andinthefollowingtable:

NACA TN 3709

18. The resultsare given

I 2.50 0.0860
I

-0.0246 I 2.45
5.00 .18= -.0532 2.49

Thesevaluesdo not showcloseagreementw$th the valuesobtainedfrom
model1-P,but it is interestingto notethat they agreecloselywith
the resultsof the testsof model 1-F, openbase,at the zerolongi-
tudinalposition;thus,an appreciableeffectfromthe flushsting-
windshieldarrangementls indicated.As migh%be ~ected, the only
closecheckof the valu& obtainedthroughinte ationof the pressure
distribtiionslies in a comparisonat a = 2.50F with the average-curve
valuesfra testsof model1-F at the l-inchlongitudinalstingstation.
On this b-is, “theresultsof the pressure-distributionintegrationsmay
be consideredreliable. The shiftof centerof pressurewith angleof
attack,as determinedfrm the pressuredistributions,would correspond
to effectsthatmightbe.expectedfrom separation6$ the flow at the
rear of the body.

The resultsof the pressure-distributioninvestigationsgive some
insightintothe causesof the higher~rimental valuesof ~/ti,
as comparedwith theoreticalvalues,notedin theseand ot%ertestsof
slenderpointedbodiesof revolution.l?f@re17 showsthat,for body
stationsbehindthe stationat whichthe theoreticallocalliftwould
be a maximum,the ~erimental valuesof localliftexhibita marked
increaseoverthe theoreticalvalues. The stationof initial.g- h
the exper-tal localldftalso appearsto be in the regionwherethe
experiment~radialpressuresbeginto deviatea~reciably from a cosine
distribution.It is seenthat the observednoncosinedistributionsof
radialpressuresact in sucha way as to givemore liftoverthe body
thanwould cosinedistributions.Figure17 also showsthe expected
reductionof autiliftforcesby separationh the regionoverthe rear
of the bodywhererecompressionwouldotherwisetakeplace.

~sis of theoreticalmthods for predictionaf ion@tudinal
measure distribution.-The equationsfor severalmethodsfar predicting
the pressuredistributimover slenderpointedbodiesof revolutionwere
c~culated h termsof equatia (1). Reference8 givesa solution
term-dthe “rigorouslinearizedfirs~der solUti@” fcr an extremely
shsrpnosebody of revolutionfor M > ~. Thisyields

P x 4(A2 - 6ABx+ 6B2x2)log(A- Bx) (u”)

—-— .-
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whichwas obtainedin tiference8 frcuua previouslyderivedequaticmfor
the

P=

pressurecoefficientfor compressibleflow,givenhereinas

A2 + 16ABx- 22B%2 + 2(A2- 6ABX+ 6B2X2) hog 2- log(@l
L

O(A3– 3A2Bx+ 3AB2X2- B3x3)

\

By the methodof referenceI-2,but with sxes at the nose of me
the generslequaticmwas foundto be

P=

{

2 (6AB-

$=il+
-1

(M2)

body,

(13)

Reference13 giveSa solutionfor P that is identicalwith equation(13)
exceptfor one additionalterm. This Solutim is

P . valuefrom equation(13)- (A2- 4ABX+ 4B2x2) (1Q

Reference10 has givena solutionbasedupon the small~sturbance theary
and requiringa ste~yatep numericalintegration.For simplicitythis
methodwillbe e~essed hereinmerelyas

(15)

where i and n representthe initialand nth integrationfi”ation,
respectively. A 2>point cdcuhtion nS made. The final.method
employedwas the characteristicsmethodof references14 and 15 with the
assumptionof potentialflow.

.,

,-

...— —. -..—. .—. — -— —. —. .—_—
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Equations(n) to (15)were ap@ied to the body shapesof models1
and 2. The characteristicsmethodwas appliedto model1 only. The
resultsof thesepressure~stributioncalculationsare presentedin
figure20. The correspondingwave dreg coefficients~ from inte-

grationof the pressurecurvesare givenin the followingtable:

Method Model1 Model2

[
Equation ~) 0.0253 0.0356
Equation 12) .o~ .1498
Equation(13) .0822 .1548
Equation(14) .0740 ..1302
Equation(15) .0746
Characteristics

.1309
.0624 ------

methd
L

Integraticm ofa curve detemined by the exper~ntal pointsof
figure20-givesfor model1 a pres:~~-dragcoefficientof 0.0542and
for model 2 “adrag of O.I-l.(Thisvalueis very approximatebecauseof
lack of sufficientpoints.) It shouldbe “notedthat no correctionhas
been appliedto the experimentalpointssincesurveyshave shownonly
mimr variationin the static-pressuredistributionin the wind-tunnel
test section. _efore, any correctionappliedto the pressuredrag
would be minor. The effectsof separationupon the experimental.pressure-
&sg coefficientwouldnot opposethe indicationthat all thesetheories
predicttoo lar’gea wave drag. As mightbe expected,the characteristics
methodshowsbest agreementwith experiment.Althoughit givesonly a
fairprediction,equation”(14),the @thilll solution,is the best of
the approximatetheoriesand givesa slightlybetterpredictionof the
~erimental resultsthan does the laborioussmall-disturbancemethodof
equation(15). -cations are that equation(n) shmildnot be applied.

E the valuesof & e~erimental&ssure drag are assumedto
approachthe wave drag,the additionof the lami.nar~ictiau drag
shouldgive a vslusthat checkscloselythe measuredforedrag. The
comparisonis givenin the followingtable. The corresptmding~ues
@ the foredragsare tiom table.1, l-inchposition,openbase.

.

Model I@erimental ~essure Foredragfrom
drag plus ~ farcetests

.1 o.o~ 0.0743
2. .1267 .lM4

.

..

—— —— . —
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Jet in Operation

Figure21 presentsschlierenphotographsof the jetmodelwith
and withouttubesto the”~essure orificesinstalledas shuwnin the
upperleft-hazidcornerof figure‘1. As pviously stated,pressure
measurementswith no jetthroughoutthe angle-of%ttackrange showed
no effectupon the bodypressuresfrom the ~esence of or disturbances
producedby the pressurelead tubeson the si~ of the body opposite
the pressurearificesa The surveysand calibrationsof the two set
nozzlesindicatedreasonablevaluesof the Mach nunibersfor the two
jetnozzlesto be approximately2.10 aud 3.05. For a free-streamWch
numberof 1.92,thesevalueswOtiarepresentratiosof jetvelocityto
streamvelocity Vj\V of apprar.imately1.05 and 1.24Srespectively.

Figure22 showsthe pressurechangeat each cwificelocationdue
to jet effectswith varying#etpressureand angleof attack. Also
includedare the hysteresiseffects(atthe a = @ and a = 2.50°,
upper surface,for both velocityratios) dependentuponwhetherthe
particulartestwas made with increasingw decreasingjetpressures.
For both velocityratiosthe majoreffectsupon the pressuresoverthe
rear of the body occurredat a = 0° and u = 2.500,upper surface,
and were confinedto the orificesnearestthe jet exit. At these cc con-
ditionsand a velocityratioof 1.0~, the bodypressuresincreasedposi-
tivelyaa the jetpressureapproachedaud exceededstresmpresstie,the
greatestchangeoccurringimmtl.atelyafterthe over-pressurecondition

Pe, 1 w reached. At the seinea conditionsand a velocityratio
Ps
of 1.24,the bodypressuresshoweda very slightdecreaseat the under-

Pe
pressureconditions~ <1 and a slightincreaseat the over-pressure

conditions. At a = 5.000 the jet ~ ~ S~ic~t effectat either

velocityratio. Figure23 givesthe percentagechangein body pressures
duetothe jetat a=OO auda= 2.50°,upper surface,for severaJ-
valuesOf pe/P~. At the top of the figurethe differencesin the basic
pressuredistributionsoverthe rear of model1-P and the two nozzletail
sections(no jet)of model1-J are presentedfor a = 0°. Thesedifferences
in pressuresappea to be the effectsof previouslymentionedveiy small
measureddifferencesin body ordinates.The zero-percentdatumlinesof
the plotsof jet effectsrepresentthe pressureswith no jet. The major
effectsof the jet uponthe bodypressuresare confinedto approximately
7 percentof the body length(fromthe base)for a velocityratioof 1.24
and to approximately10 percentof the bo

7
lengthfor a velocityratio

. of 1.05. For similarpressureratios Pe Ps the effectof the jetupon

.

—. .--—. —— . .. —
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the bodypressuresin theseregionsis much greaterfor the lowervelocity
ratio. At a= 2.50°,ypper surface,thereIs a positiveincreasein jet
effectsoverthe a = 00 condition.This mightbe ~ected in view of
the greaterseparationof the flow fromthe upper surfaceat angleof
attackthatwmildfavorpressureeffectsfromthe jet to be felt farther
forwerdalongthe bdy and to a greaterdegree.

Typicalsclilierenphotographsof the jet in operationat cc= 0°
are shownin figure24 for the two velocityratiosand,wheneverpossible,
for similarpressureratios. Photographsat the lowervelocityratio
were takenwith the leadtubesinstalled;therefore,for comparisonwith
the photo~aphs at the highervelocityratiowhichwere takenwithout
the tubesinstalled,the shple patternof disturbancespresentin the
jet-inoperativephotographshouldbe ignored.

ASthe supersonicjet beginsto flow,thereis a de%reasein thick-
ness of the laminarboundarylayerat the rear of the body. This is
particularlytrue at the highervelocityratio. Up to a V’alUeof Pe/Ps

equalto approximately0.5,-the shockpatternwithinthe jet end at the
nozzlelip is much the samefor both velocityratios. A very prominent
lambdashockis notedat the jet outerboundary~ately rearwardof
the nozzlelAp. The shockpatternwithinthe jet followscloselythe
expectedphenomenafor under-pressurejetscaag for the presenceof
a shockto offsetthe higherpressureoutsidethe jet boundary. I&on
~=

Ps
0.5 to 1.0,the lambdashockat the jet uuterboundaryteds toward

a plain shockwhose a~ent pointof originat the jet boundarylies
slightlydownstreamof the nozzlelip. The shockpatternwithinthe jet
continuesslongthe patternfor under-pressurejetsexceptthat two shocks
are now observedwithinthe jet of highervelocityratio. It is possible
that thismay 4? due to slightimperfectionsin the nozzlesurface;but,
in view of the factthat a similg.rphenomenon,thoughnot as strong,may
be observedat slightlyhigherpressureratiosat the lowervelocity
ratio,it appearsmore probablethat thisphenomenonis characteristic

Pe
of the flow from annularnozzlesof this type. At a valueof ~ - 1,

the jet boundariesaxe paraldelto the axisof syme~ of the jet.
~. I because

Parallelflowwouldn~ be expectedto occurexactlyat. Ps

the streampressurewouldbe somewhatdifferentfromthe pressurebehind
the shockemanatingfromthe vicinityof the nozzlelip. Also,the pres-

ence of the shockswithinthe psralleljet at ~ =$1 may be attributed
Ps

to the necessarychangein flow inclinationfrom a &bection that is
a- fromthe axis of symmetryimmediatelyaheadof the exit at the
nozzleHP to a-directionparallelto the axisof symmetrybeyondthe
exit. At the highervaluesof pe/ps separationoccursat the rear of

.

.—. .—. ...-- ..——— — .- .
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the body;this separationis more pronouncedat the lower
An expuM.on_ofthe jet flow occursat the nozzlelip for

velocityratio.
the over-pressure

conditions~> 1 and is followedby shockswithinthe jet. (See .
Ps

fig. 25.) With increasingoverpressuresof the jet,th& shockfromthe
outerboundaryof the jet nearthe jet exitrevertsmore and more to a
lambdashockat the highervelocityratio,whereasthe corresponding
shockat the lowervelocityratio continuesas a cleerlydefinedplain
shock. Indicationsfromthe pressuremeasurementsand the schlieren
photographsare thatthe inducedvelocitiesimpartedto the semidead
air in the regionwherethe flow is separatedfromthe rear of the body
are greaterfor the caseof the highervelocityratio. Apparently,these
inductioneffectstend to counteractthe back-pressureeffectsoverthe
body fromthe relatedinternal(jet)aud ~ernal flow characteristics.

The effectsof the jet upon the foredmg of the body (a= 00) were
determinedfromthe measuredbodypressures. The resultsare tabulated
h the followingtableas percentagechangein

%
:

r/Vj

P~/2B

0.4
1.0
1.5
1.8
3.5

1.05

0.34
-.21
-1.01
-1.62
-3.3

1.24

----

0.72
0
-.43
----

The mexbmxneffectof the jetupon the lift end pitchingmomentoccurred
at a= 2.50° and, as in the casefor the fore&sg, at-thelowerveloc-
ity ratio,1.05,and highestpressureratio,3.5. An approximationof
this effectis enteredon the curverepresentinglift distribrgtionti
figure17. The resultsof sucha changein liftdistributionwouldbe
a 13.7-percentdecreasein the overallliftof the body and a destabilizing
shiftof centerof pressurefrom0.88diameterrearwardof the nose to a
point0.74 Ctbmeterdead of the nose. Althoughthe foregoingde~
tion of jet effectshas assumedthe titerferenceeffectsof the stingend
windshieldon the presstiemeasurementsto be the samefor the jet-on
and jet-offconditions,the differencesin the effects-areexpectedto
be small. Thus,the foregohg valuesshouldgivean might titothe
=-~e;f so~ of t~ effectstwt mightbe ~ected from an dxausting

..
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CONCLTHCONS

An aerodynamicinvestigationat a Mach numberof 1.92 of a parabolic
body of revolutionwith and withouta supersonicannularjet exhausting
fromthe base indicatesthe followingconclusionsfor the casewith the
jet imperative:

1. The conditionof the base of the body,holll.owor closed,has
littleand no consistenteffectupon the aerodynamiccharacteristicsof
the body.

2. The simplifiedlinearizedsol~tionsfor lift-m slope,
moment-curve.slope,and center-of-pressurebxrbion give_pitcMn&

tivelypobrpredictionsof%he experifnentalresults.

3. lhq?er-ntal-radialpressuredistributionsshowa markeddevia-
tion of liftingpressuresfromthe theoreticalcosinedistribution,and,
contraryto the simpMfying assumptionof most approximatetheories,the
pressureson the sidesof the body (90°fromangle-of-attackplane)vary
appreciablywith angleof attack. Thesediscrepanciesappearto be the
resultof separationeffectsand of the failureof the theoriesto include
e~ects of crossvelocitieswhichmay be important.

4. The methodof characteristicsfor axialsymmetrygivesa reasonable -

~~~ ~etic~ion of the act~ Presswe distributionover the bow. HOV-
hump, not predictedby potentialtheory,is foundin the ~eri-

mentallongitudinal=pressure-distributioncurveat forwardbody stations.
This phenomenonappearsto be characteristicof slenderpointedbodiesof
revoltiionin general. -

5. The Lightbillsolutionappesrsto be the best of the linearized
solutionsinvestigatedfor
bodiesof revolution.

For the casewith the
are initi.cated:

6. ~essures overthe
jetuntilthe jetpressure
parallelflow of the jet:

7. The effectsof the

predictionof pressuredistributionover slender

jet in operation,the

resr of the body show

followingconclusions

littleeffectfromthe
ratioa~roaches and exceedsthe valuefor

jetupon the bodypressuresare reducedas
the ratioof jet velocityto free-stresmvelocityincreases.

8. TIE greatesteffectsof the jetupon the lift and pitchingmoment -
occurat 2.50°,angleof attackand almostcomplete~ disappearas the
@e of a%tackis increasedto 5.000. .
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9.Maximumeffectsof.tbejet are obtainedat the lowerratioof
jet velocityto stresmvelocity,1.05,and the highestratioof jetpres-
sureto stresmpressure,3.5. Theseeffectsmount to a 3.>percent
reductionin foredragat 0° angleof attackand, at 2.50°angleof attack,
a 13.7-percentreductionh liftand a destabilizingshiftof centerof
pressurefrom0.88 body dismeterrearwardof the nose to a pointapproxi-
mate~ ().74diameterahesdof the nose.

10. Miications are that,for higherratiosof jet veloci~to si5resm
velocitythan achievedin the presentinvestigation,the imductioneffects
of the jetupon the flow overthe rear of a body of this typewouldbecome
as importantas the back-pressureeffects.

IamgleyAeronauticalLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

~ reel% Va., November25, 1949.
.

.
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AFTmmx

BodyParameters

The generalequationfor the shqe of

r =Ax - *2

The constants A and B may be determined
, mum thicknessand in nondhlensionslform

rJ!!!5=AE
z 4BZ

Also

If r-, rbme,
the constents A and
and (@• Exaudnation

the bodiesis givenas

(Al)

simplyas follbx?s. At maxi-

(A2)

(A3)

and the thicknessratioare assignedfixedvalues, -
B are readilyobtainedby codbiningeqpations(A2)
of the basicequation(Al)showsthat the com- .

stant A is dimensionlessend is equil.to twice-thethiclmessratio.
H~~~ *he co~t~t B iS not dimensionless.Therefore,q calcula-
tionsemployingequation(Al)with the numericalvaluesreplacingthe
constsnts A and B, suchas computationsof pressuredistributionsor
drag,must be carriedthroughwith the sameMmension units (feetor
inches)used in calculatin(the values of A and B.

The followingequationsapplyto the familyof bodies
frome~tion (Al): -

Vollnm=

( )

~ A2Z3 ABZ4 + B=

325

( )A2Z2 ABZ3 + B2Z4Meanarea=fi —.—
327

( -:BZ3)

‘Wettedsurfacearea = atAZ2

.

determined

(A4)

(A5)

(A6)

—— —__ -———— —..- - _. _
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Dlstencefrom
body lme to

Mcflel fmward end of
“ (2}M (3.=0ocmflltion c~ (Q CcEoo(diem.c~~ nose)

s~lmgwimlshield
(in.) about~

o Open 0.0334 o:% 0.0999 0.cW42 2.3?
o Closed .0330 .0879 .0156 2.25

1+ .5 Open .0324 .0M6 .0940 X)2& 2.14

●5 Closed .0323 .0102 .0955 2.77

1.0 Open .0290 .0142 .(@O .0217 1.28
1.0 cb89a .0292 .0140 .0!%0 .02S5 1.45

0 Open .0392 .0112 .1370 .021.7 2.16
0 Closed ● 0394 .0110 .1373 .ce20 2.21.

2 .5 Open AMg .Ola .1400 .0241 2.43
.5 closed .0105 ●1400 .0252 2.43

1.0 open .0338 .cu36 .1410 .0306 1.39
1.0 Closed .0343 .o130 .1407 .0309 1.2
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(a)Models2 and 14.

L

(b)side view of model1-P.
r \ Ib‘* I

(c)AuxiliazYview of tube exits,model l-P.

Figure2.- Models.
L-630111.1
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Nozz/e /
M’= 2.//

Taper fkm thmut=3.12°

(a)Nozzle1, M&s = 2.IJ-.

me 30-Resultsof surveysof nozzleexits.
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(a)Base to windshieldis O inch.

Figure8.-Aerodynamiccharacteristicsof model 2.
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(c) Base to windshieldis 1.0 inch.

Figure8.-Concluded.
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Figure9.-Schlierenphotographsshowingthe effeetupon the flow over
the rear of model 2 with varyingdistancebetweenbody base and tip of
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